HAZ at 36 months, compared with adequate GWG. Compared with the same referent, inadequate GWG was associated with smaller WAZ and BMIZ at birth and 8 months. Conclusion: Excessive GWG may predispose infants to obesogenic growth patterns, while inadequate GWG may not have a lasting impact on infant growth.
Introduction
Childhood obesity affects 1 in 10 infants and toddlers aged 6-23 months and 1 in 6 children and adolescents aged 2-19 years in the United States [1] . A path to obesity may be established in early life [2, 3] . Importantly, infants who track a path of faster growth may have increased risk for subsequent overweight and obesity [4] [5] [6] . Attained size is the primary outcome measure in many studies of child weight; consequently, we rely on a preponderance of cross-sectional assessments to understand a complex process beginning at conception [7] . Growth velocity, in contrast, precedes the attained size at a given assessment and includes multiple measurements [7] . Rapid infant growth is related to an increased likelihood for obesity in later childhood [4] , regardless of size at birth [6] , and may increase metabolic and cardiovascular risk during adolescence or early adulthood [8] [9] [10] .
Maternal weight gain in pregnancy may influence growth patterns in early childhood through the mechanism of fetal programming [11] . Maternal overnutrition may irreversibly influence fetal organ and tissue development [12] . Animal models suggest that these developmental changes may induce a persistent sensitivity to fat accrual [13] [14] [15] . Gestational weight gain (GWG) has been positively associated with offspring body size at birth [11] as well as growth [16, 17] and body mass index (BMI) during early childhood in some studies [11] , but not in others [18] [19] [20] [21] . The majority of this literature is based on predominantly white, well-educated, mid-to upper-income samples. Studies performed in populations at high risk for offspring obesity are needed.
The aim of our study was to evaluate the association between GWG and growth predictive of subsequent overweight and obesity risk in early childhood.
Methods
We conducted a secondary analysis using data from a prospective birth cohort study designed to evaluate the long-term effects of prenatal substance use on child development [22, 23] . Pregnant women were recruited from 1982 to 1985 at a low-income prenatal clinic at Magee-Women's Hospital in Pittsburgh, Pa., USA. Women ≥ 18 years of age and in the fourth or fifth prenatal month were approached, and 1,360 women agreed to initial screening interview (85% response rate). The study sample was selected based on first-trimester alcohol and marijuana use. All women who reported drinking ≥ 3 drinks per week in the first trimester of pregnancy and a random sample of those reporting less than this amount were selected for a study of the effects of prenatal alcohol exposure. Similarly, all women who reported using ≥ 2 joints per month in the first trimester of pregnancy and a random sample of those reporting less than this amount were selected for a study of prenatal marijuana exposure. These cohorts (n = 829) have been merged and studied extensively [22, 24, 25] .
Women were interviewed regarding lifestyle, sociodemographic characteristics, and substance use at the first study visit (mean 18.8 (SD 2.7) weeks gestation) and were followed till delivery. A total of 743 women had live, singleton births and had complete maternal weight and height data and were, therefore, eligible for infant follow-up evaluations. Our institutional review boards approved the original study, and written and informed consent was obtained at each phase.
Maternal prepregnancy BMI (weight (kg)/height (m) 2 ) was calculated based on self-reported prepregnancy weight and height recorded at the first prenatal visit. At delivery, women self-reported the total amount of weight that they had gained since becoming pregnant. We classified women using a ratio of observed GWG to expected GWG at the gestational age of delivery based on the 2009 Institute of Medicine guidelines [11] , as described in detail previously [26] . We classified GWG as adequate (within the recommended ranges), inadequate (below the recommendations) or excessive (greater than the recommendations) [26] . Because this measure of GWG may remain correlated with length of gestation [27] , we performed a sensitivity analysis using gestational-agestandardized-GWG z-scores [28] .
Within 48 h of delivery, trained study nurses measured infant crown to heel length. Gestational age at delivery and infant weight at birth were abstracted from medical records. At 8, 18 and 36 months, study nurses measured the children's weight and length using standardized protocols. Children were measured on the same calibrated scale while wearing street clothing. Weight-forage z-score (WAZ), length-for-age z-score (LAZ) and BMI-for-age z-score (BMIZ) at 0, 8, 18 and 36 months were calculated using the 2006 World Health Organization (WHO) sex-and age-specific growth standards [29, 30] . We used LAZ assessments for children <24 months and height-for-age z-scores (HAZs) at the 36-month assessment in accordance with standard methods. Z-score measurements <-5 or >5 were considered implausible and were excluded (WAZ, n = 6; LAZ, n = 3; BMIZ, n = 9). The 743 children contributed 2,552 WAZ measurements, 2,545 LAZ/HAZ measurements and 2,510 BMIZ measurements. We classified rapid infant weight gain as a change in WAZ from birth to 18 months >0.67 SD units, corresponding to the crossing of 1 centile line on growth charts [31] [32] [33] .
Self-reported race, marital status, employment, monthly household income, education and parity were available. We categorized the frequency of first-trimester substance use for tobacco, alcohol and marijuana as well as the pattern of alcohol or marijuana use over the course of pregnancy and postpartum. Elevated maternal depressive symptoms and trait anxiety were defined as scores ≥ 75th percentile on the Center for Epidemiologic Studies Depression Scale [34] and on the State-Trait Personality Inventory [35] , respectively, and low social support was a score <25th percentile of a factor score measuring social support [36] . At 18 months, the mother was asked to recall if she had ever breastfed her child and the age at which she had introduced solid foods (<6, ≥ 6 months).
Statistical Analysis
Bivariate associations between mother-child dyad characteristics and GWG were tested using the Pearson χ 2 tests, and their association with WAZ and BMIZ were tested using the nonparametric Kruskal-Wallis test. We used generalized linear latent and mixed models to estimate associations between GWG and WAZ, LAZ/HAZ and BMIZ from birth to 36 months [37] . These models account for within-child correlations across study visits and variation in the number of time intervals between repeated measurements within children [38] . The underlying time variable was the child's age, which was specified in linear and quadratic terms to reflect the nonlinear relationship with WAZ, LAZ/HAZ and BMIZ. We calculated predicted WAZ, LAZ/HAZ and BMIZ by GWG adequacy and tested for differences in child growth at each age using linear contrast statements at each growth measurement point. Next, we used multivariable log-binomial regression models to estimate the relative risks for the association between GWG and rapid infant weight gain.
Theory-based causal diagrams [39] were used to identify potential confounders (maternal sociodemographic variables, prepregnancy BMI, substance use, mental health and breastfeeding) of the relationship between GWG and infant growth. Then, to achieve parsimonious regression models, we retained only those potential confounders that changed the main-effect estimate ≥ 10% [40] . Prepregnancy BMI and breastfeeding met our definition of confounding in all models. We additionally included maternal education, pattern of prenatal substance use and maternal smoking status out of convention. Since our goal was to estimate the total effect of GWG on infant growth, we did not adjust for gestational age at delivery or birth weight for gestational age because they may be mediators on the causal path from GWG to child weight [41] . We used a Wald test (α = 0.05) in linear regression models and the synergy index [42] in log-binomial models to test for effect modification by prepregnancy overweight (BMI ≥ 25.0 vs. <25.0 kg/m 2 ), race, maternal depression, anxiety, prenatal substance use and child's sex [11, 43, 44] .
We ran models excluding heavy substance users and we applied inverse probability sample weights [45] to reweight the study sample so as to resemble the original prenatal clinic sample from which the cohort was selected [46] . Finally, we evaluated whether our observed results were explained by regression to the mean [47] . Stata Software, version 11 (College Station, Tex., USA) was used for analysis.
Results
Overall, the 743 women included in this sample had normal weight, were young, high-school educated and unmarried and had low income ( table 1 ) . Prenatal substance use reflected sampling for the cohort. Nearly half of the women were African-American. On an average, infants were born small (mean (SD) birth weight for gestational age z-score: -0.38 (0.95)), and 10% were born at <37 weeks. GWG varied by pregravid BMI, substance use, gestational age at delivery and birth weight z-score. There were no significant differences in GWG by maternal education, income, prenatal marijuana use, race, child sex or mode of infant feeding.
Mean WAZ at 0, 8, 18 and 36 months were lower among children born to underweight or normal weight mothers, small-for-gestational age infants and infants born <37 weeks ( table 2 ) . Results were similar for LAZ/HAZ and BMIZ (data not shown). Rapid infant weight gain over the first 18 months was common (45%). Infants of women who smoked during pregnancy and infants born <37 weeks or small-for-gestational-age tended to exhibit rapid infant weight gain (online suppl. appendix fig. 3 ). Children of women who gained inadequate weight during pregnancy had smaller WAZ (adjusted β coefficient (95% CI) -0.38 (-0.60 to -0.16)) and BMIZ (-0.44 (-0.69 to -0.20)) at birth than the children of women whose GWG was within recommended ranges, but there were no statistical differences thereafter. Yet the children of women who gained inadequate weight were no different in LAZ (-0.21 (-0.46 to 0.04)) at birth as compared to children of women who gained within the recommendations and were no different in LAZ/HAZ at any age thereafter. Women with excessive GWG had children with higher WAZ (0.30 (0.12, 0.49)) and BMIZ (0.25 (0.04, 0.45)) at birth compared with children of women with adequate gain, but there was no difference in LAZ (0.21 (-0.01 to 0.42)). The children of women with excessive GWG remained heavier at 8 and 36 months than the children of women who gained adequate weight, but there was no difference in weight at 18 months. As compared with adequate gain, children of women who gained excessive weight remained no different in length at 8 or 18 months, but were taller at 36 months.
When we excluded women who were heavy alcohol ( ≥ 1 drink per day in the first trimester) or marijuana users ( ≥ 1 joint per day in the first trimester), excessive GWG was associated with higher predicted WAZ, LAZ/HAZ and BMIZ over the entire study period (data not shown). For each category of GWG, the WAZ at 18 months was greater than the product of the initial WAZ at birth and the correlation between them, indicating that this change in WAZ was greater than the changes expected due to regression to the mean.
Women who gained inadequate weight were more likely to have an infant with rapid infant weight gain from birth to 18 months ( table 3 ). After adjustment for confounders, inadequate total GWG was associated with 28% higher risk of rapid infant weight gain compared with adequate GWG. Maternal excessive weight gain was not associated with the risk of rapid infant weight gain before or after confounder adjustment. Excluding heavy substance users did not meaningfully change these results.
None of our conclusions changed when we used Centers for Disease Control (CDC)-based growth standards to calculate infant z-scores, applied inverse probability sample weights, categorized GWG based on z-scores, modeled the raw value of child's BMI or constrained models of rapid infant weight gain using an upper age Values are mean ± SD. Statistical significance level for Kruskal-Wallis equality of populations test, * p < 0.001, ** p < 0.01, *** p < 0.05. limit (data not shown). We did not find evidence of effect modification in any of the models by prepregnancy BMI, maternal depression, anxiety, substance use, race or child sex.
Discussion
We found that the association between GWG and infant growth is dynamic over the first 36 months of infancy. Compared with women who gained within the recommended ranges, women with excessive GWG had children who were heavier at birth and 8 months, and both heavier and longer at 36 months, while women who had inadequate GWG had children who were lighter only at birth, but were no different in length. Among women who gained inadequate weight, there was no difference in child WAZ and LAZ/HAZ from 8 to 36 months; this is consistent with their increased risk of rapid weight gain from birth to 18 months. These associations were robust to adjustment for confounders.
Evidence suggests that excessive GWG is associated with greater adiposity [44, [48] [49] [50] [51] and higher weight [11] in infants at birth as well as an increased risk of obesity during early childhood [52] . Yet, we are aware of only 2 Child's age (months) + + + + Fig. 1 . Predicted WAZ from 0 to 36 months by GWG (excessive GWG, dashed; adequate GWG, solid; inadequate GWG, dotted; n = 628). Predictions based on a multivariable linear model assuming prepregnancy normal weight, high school education, used alcohol in the 1st trimester, abstained from marijuana, smoked tobacco throughout pregnancy, did not breastfeed infant and introduced solid foods 6 months. † p < 0.05 for excessive compared to adequate. ‡ p < 0.05 for inadequate compared to adequate. Child's age (months) Fig. 3 . Predicted LAZ/HAZ from 0 to 36 months by GWG (excessive GWG, dashed; adequate GWG, solid; inadequate GWG, dotted; n = 628). Predictions based on a multivariable linear model assuming prepregnancy normal weight, high school education, used alcohol in the 1st trimester, abstained from marijuana, smoked tobacco throughout pregnancy, did not breastfeed infant and introduced solid foods ≥ 6 months. † p < 0.05 for excessive compared to adequate. Child's age (months) large rigorous studies of GWG in relation to infant growth. Li et al. [18] examined GWG in relation to WAZ, LAZ and weight-for-length (WLZ) from birth to 12 months in 38,539 Chinese mothers delivering term infants, and Deierlein et al. [16] studied WAZ, LAZ and WLZ from birth to 36 months in 476 North Carolina mothers and their term infants. Our finding that excessive GWG was related to heavier and longer infants who grew more slowly in the first year of life compared with adequate GWG were supported by Li et al. [18] . Deierlein et al. [16] , in contrast, found that these infants were heavier, longer and gained weight and length faster from birth to 36 months. The differences in growth over time may be explained by the high prevalence of prepregnancy obesity (15%) in the cohort by Deierlein et al. [16] compared with our cohort (9%) and that of the cohort by Li et al. [18] (6%), which may alter infant growth trajectories [53] .
In our study, inadequate GWG was associated with smaller infant WAZ only at birth and rapid weight gain from 0 to 18 months compared with adequate GWG, but no differences in LAZ. In contrast, Li et al. [18] reported that inadequate GWG was associated with consistently lower WAZ and LAZ from 0 to 12 months, faster changes in WAZ, LAZ and WLZ from 0 to 12 months. Between GWG groups, Deierlein et al. [16] found no difference in WAZ or LAZ from birth to 36 months nor in rapid weight gain from birth to 6 months in models unadjusted for birthweight [17] , similar to findings from a small British sample [31] . The use of CDC growth references to define z-scores in both the studies by Deierlein et al. [16, 17] and that of Ong et al. [31] rather than the WHO standards used here and by Li et al. [18] . Because the velocity of weight gain differs between the CDC and WHO growth references [54] and the varied age ranges studied, the respective classifications of rapid weight gain may contribute to the observed inconsistences among findings. We hypothesize that in our sample of children born to predominantly normal weight, low-income mothers, infants experienced catch-up growth [31] that was exhibited through weight, but not length. For growth-restricted infants, a period of postnatal catch-up growth may confer a number of advantages [55] ; yet, catch-up growth continues to be associated with the risk of childhood obesity [4, 56] . Children in our sample with rapid weight gain were more likely than their counterparts to be obese on CDC growth charts at 6, 10, 14, 16 and 22 years of age, but not at 3 years (data available upon request). Ongoing analyses will enhance our understanding of long-term child growth in this cohort.
Our results should be considered in light of several limitations. Self-reported maternal weight and height may lead to misclassification. However, women in our study recalled their prepregnancy weight early in pregnancy and reported their GWG within 48 h after delivery, which may improve recall [57] . WAZ and BMIZ can only estimate adiposity [58] , and it is thus unclear whether the differences we observed by GWG were due to fat or fatfree mass.
We cannot conclude whether GWG is causally associated with infant growth or whether it is due to unmeasured common factors related to maternal weight gain and child growth, including shared mother-child genetic traits or shared environment. While we adjusted for the child ever having been breastfed, we lacked information on breastfeeding intensity or duration. Residual confounding, therefore, may exist. Our findings may only be generalizable to low-income, urban samples with a large proportion of substance users. While substance use was common in our study population, no women abused substances and few used substances heavily. Notably, our results were consistent or strengthened when we excluded heavy users from the analysis. Current US data confirm that prenatal substance use is widespread [59] ; thus, controlling for this confounding using a detailed, validated assessment [60] was a strength of our study. Our results suggest that GWG may impact infant growth. Whether this relationship reflects causality or not will be clarified by the results of ongoing randomized clinical trials to optimize GWG. Trials employing rigorous longitudinal anthropometric assessments of the offspring will best elucidate the link between maternal BMI-specific GWG and growth trajectory of the offspring.
